The efficient profiling of highly polar and charged metabolites in biological samples remains a huge analytical challenge in metabolomics. Over the last decade, new analytical techniques have been developed for the selective and sensitive analysis of polar ionogenic compounds in various matrices. Still, the analysis of such compounds, notably for acidic ionogenic metabolites, remains a challenging endeavor, even more when the available sample size becomes an issue for the total analytical workflow. In this paper, we give an overview of the possibilities of capillary electrophoresis-mass spectrometry (CE-MS) for anionic metabolic profiling by focusing on main methodological developments. Attention is paid to the development of improved separation conditions and new interfacing designs in CE-MS for anionic metabolic profiling. A complete overview of all CE-MS-based methods developed for this purpose is provided in table format (Table 1) which includes information on sample type, separation conditions, mass analyzer and limits of detection (LODs). Selected applications are discussed to show the utility of CE-MS for anionic metabolic profiling, especially for small-volume biological samples. On the basis of the examination of the reported literature in this specific field, we conclude that there is still room for the design of a highly sensitive and reliable CE-MS method for anionic metabolic profiling. A rigorous validation and the availability of standard operating procedures would be highly favorable in order to make CE-MS an alternative, viable analytical technique for metabolomics.
Introduction
Metabolomics is considered within the field of analytical chemistry a well-accepted analytical approach for the global profiling of metabolites, i.e., small (endogenous) molecules with a molecular weight below 1500 Da. Currently, the Human Metabolome Database contains more than 100 000 metabolite entries with a wide dynamic concentration range, i.e., from mM to the pM-level [1] . A major part of these metabolite entries consists of lipids and exogenous compounds derived from nutrients and drugs. The metabolome is affected by both internal and external factors/stimuli and, therefore, directly reflects the underlying biochemical activity and status of the biological system in question. Metabolic profiles may provide a wealth of information which can be severe ion suppression and may contaminate the ion source and ion optics. In addition, ion-pair agents may contribute to column instability and increased re-equilibration time.
The first research where CE-MS was used for global metabolic profiling of biological samples was performed by Soga and co-workers [13] . In this work, a bare fused-silica capillary and acidic separation conditions were used for the analysis of cationic metabolites, performing CE-MS in positive ionization mode. In general, this CE-MS method has been used now by various research groups as it provides acceptable performance metrics for the profiling of cationic metabolites [14] [15] [16] [17] [18] [19] [20] . However, in order to attain full coverage of ionogenic metabolites, both cationic and anionic metabolites need to be analyzed by CE-MS. However, for anionic metabolic profiling the number of studies with CE-MS reported in the literature is far less than the number of studies involving cationic metabolic profiling. Soga et al. studied the anionic metabolic profile of extracts from Bacillus subtilis cells by CE-MS using a cationic polymer-coated capillary and weakly alkaline ammonia buffers, employing reversed CE polarity and negative ionization mode [21, 22] . Büscher et al. performed a cross-platform study for metabolic profiling of yeast extracts, and indicated CE as the least suitable platform for analyzing biological samples as it lacked the required robustness [23] . On the other hand, the CE-MS method at low-pH separation conditions employing a fused-silica capillary could be used in a robust way for cationic metabolic profiling of a yeast extract, and observed matrix effects were significantly lower as compared to the other chromatographic methods evaluated in this work. In agreement with the work of Büscher et al., Soga et al. demonstrated in another work that the long-term stability of the CE-MS method using a cationiccoated capillary for anionic metabolic profiling was relatively poor [24] . Authors found that the stability issue with the CE-MS method for anionic metabolic profiling appeared to be caused by corrosion of the stainless steel ESI needle when employing reversed CE polarity and negative ionization mode conditions. To overcome this issue, a platinum sprayer needle was used for CE-MS analysis in reversed polarity mode [24] , although the platinum sprayer is not necessary for anionic metabolic profiling when applying normal CE polarity at highpH separation conditions. Because of these stability issues together with lower sensitivity using negative ionization mode detection, the perception had risen that CE-MS was not suitable for global metabolic profiling, especially when compared to other chromatographic techniques such as LC-MS and GC-MS.
It is clear that the development of a robust and sensitive CE-MS approach for anionic metabolic profiling requires special attention. The improvement of CE-MS separation conditions and recent developments in interfacing designs, such as the sheathless porous-tip interface and the use of modified sheath-liquid (SL) interfaces, show great potential for sensitivity enhancement of profiling anionic metabolites. Therefore, in this review an overview of CE-MS approaches for anionic metabolic profiling is provided, covering the literature published between May 2002 and December 2018. In that context, the current work can be regarded as an important (complementary) addition to our previous CE-MS-based metabolomics reviews [25] [26] [27] [28] [29] [30] , which we provide bi-annually for Electrophoresis and in which the usefulness and developments of CE-MS approaches for anionic metabolic profiling were not considered in detail so far. Major methodological developments that led to the improvement of the reproducibility and sensitivity of CE-MS for anionic metabolic profiling are considered and representative examples in various application fields are highlighted.
Methodological developments
In this section, we will pay attention to CE-MS approaches that have been developed for the profiling of anionic metabolites, with a main focus on improvement of detection sensitivity (i.e., metabolic coverage) and reproducibility. A comprehensive overview of CE-MS methods developed for the profiling of anionic metabolites in the time period from May 2002 until December 2018 is provided in Table 1 . Only those studies are included in Table 1 which report the development of new CE-MS approaches for anionic metabolic profiling. For a complete overview of classical CE-MS employing a standard co-axial SL interface at high-pH separation conditions and MS detection in negative ion mode, i.e., the approach also used by the company Human Metabolome Technologies, we refer to especially the tables of our previous reviews [25] [26] [27] [28] [29] [30] .
Improving sensitivity/metabolic coverage
A major issue observed in CE-MS using negative ionization mode are the relatively low metabolite responses in comparison to those in positive ionization mode. Kok et al. evaluated different BGE compositions and SL additives in order to enhance metabolite responses in CE-MS in negative ionization mode [31] . It was found that the inclusion of triethylamine (TEA; pH 11.7) in the BGE and SL provided lower limits of detection and greater metabolome coverage than common negative ionization CE-MS methods for metabolic profiling where ammonia containing buffers are used. However, when using the same method in positive ion mode, TEA could lead to ion suppression issues.
A few years ago, a novel technique called paired ion electrospray ionization (PIESI) was developed by Armstrong and co-workers [32] . PIESI employs specially synthesized multifunctional cationic ion-pair reagents (IPRs) to form positively charged adducts with the anions to be analyzed. The adducts are detected in the positive ion mode and at higher m/z ratios providing improved S/N and LODs that often are orders of magnitude better than those obtained with native anions in the negative ion mode. Recently, Lee et al. developed a CE-PIESI-MS method to analyze fatty acids (FAs) [33] . In this study, di-cationic IPRs were continuously introduced into the SL interface to generate positively charged adducts for anionic metabolites after electrophoretic separation. A preliminary study has shown that the addition of IPR prior to or during separation showed less effective complex formation and thus less improvement in terms of sensitivity compared to negative ion mode detection (Fig. 1 ). An optimized concentration of 250 µM IPR was added to the SL, as this ensured sufficient complexation without contaminating the ion source. The developed method (BGE: 30 mM ammonium formate in 40% acetonitrile, pH 10) provided LODs which ranged from 0.13 to 2.88 µg/mL for 15 FAs in a test mixture. The CE-PIESI-MS method was used to determine FAs in cheddar cheese and powdered coffee samples and showed that regarding sample preparation, in contrast to GC-MS and LC-MS methods, only a simple sample extraction step was needed to measure the FA concentration in the samples without signal suppression. In order to achieve coverage for a broad range of metabolite classes, analytical approaches are needed that can be used for the profiling of both cationic and anionic metabolites, ideally using the same separation conditions (i.e., capillary, BGE, and SL), and in some cases the same CE polarity and/or MS detection mode, as described by the following examples. In 2010, Wakayama et al. created a separation method for the analysis of amino acids and carboxylic acids, where detection of both species was achieved in a single CE-MS run by changing the polarity of the ESI-MS during the time difference of the detection time between cationic and anionic metabolites [34] . When analyzing solely in positive ion mode, amino acids were mainly detected in their protonated form: [M+H] + , whereas the anionic carboxylic acids were mostly detected as adduct peaks: [M+NH 4 
]
+ . Subsequently, when analyzing the same compound mixture in negative ion mode without adjusting the main parameters, several amino acids were detected in their deprotonated form:
− . In the optimized CE-MS method, the ESI-MS polarity was changed from positive to negative after the detection of amino acids. A relatively high sheath-gas pressure (20-25 psi versus 5 to 10 psi in conventional CE-MS experiments) was required for stable spray formation, especially in negative ion mode. The CE-MS method was used to study the Crassulacean acid metabolism in pineapple leaf extracts, and showed effective determination of both anionic and cationic metabolites in a single run. The results confirmed the diurnal change in malate, aspartate, asparagine, and citrate concentration in the pineapple leaves, and showed an opposite pattern for succinate and glutamine. 
Drouin et al. developed a CE-MS method for the analysis of both cationic and anionic metabolites in one single run by measuring solely in positive ion mode [10] . A two-step approach was conducted, where cationic metabolites were measured in normal CE polarity, and reverse CE polarity was used to measure anionic metabolites. In agreement with the study performed by Wakayama et al. [34] , adduct formation was observed when applying positive ion mode. Moreover, it was found that the formed ammonium adducts for compounds (cations and anions) without amino groups showed higher analyte responses compared to their deprotonated species when detected in negative ion mode. The sensitivity was further enhanced by adjusting some MS source parameters (higher capillary voltage: 5500 V, higher sheath-gas: 11 L/min) and turning off the nebulizing gas. The CE-MS method could be used for the analysis of both cationic and anionic species in positive ion mode, as shown in Fig. 2 for a test mixture of metabolites.
The method was applied to analyze a commercially available metabolomics library, and more than 76% of the 596 compounds could be observed. The obtained findings revealed that CE-MS was especially well-suited for the analysis of polar and charged metabolites, providing complementary results in comparison to chromatographic-based techniques. However, it should be noted that this CE-MS method employed a relatively high fragmentor voltage (380 V), which might induce in-source fragmentation due to energetic collisions that occur in the ESI source. This effect was earlier studied by Godzien et al., who evaluated the impact of the enhancement of fragmentor voltage (150-230 V) on in-source fragmentation [35] .
Next to the conventional SL interface, new low-flow SL interfacing designs have been recently developed for CE-MSbased metabolomics studies. Liu et al. developed a modified co-axial SL nanosprayer to analyze nucleotides in single neuronal cell extracts [36] . The lab-fabricated nanosprayer has a smaller diameter capillary outlet [20] , which is 40 µm instead of a typical 50 or 75 µm internal diameter, allowing lower SL flow rates (Ͻ1 µL/min) and no nebulizer gas. These adjustments reduced sample dilution, improved repeatability, and detection limits. In order to withstand corrosion, a platinum alloy emitter was used. Analysis was performed using a BGE of 20 mM ammonium bicarbonate (pH 10) and a SL of isopropanol/water (1:1, v/v) containing 0.2 mM ammonium bicarbonate, which was delivered at 600 nL/min. The method allowed the analysis of nucleotides in extracts of individual Aplysia californica sensory neurons with LODs ranging from 2 to 22 nM. The implementation of an on-line preconcentration method, i.e., large-volume sample stacking, further improved the detection limits of the method.
Recently, Portero et al. developed a method that allows sequential cationic and anionic analysis of metabolites in a single cell off a live vertebrate embryo of the South African frog Xenopus laevis [37] . The low-flow SL CE-MS interface was custom-built and supplemented with a nitrogen gas filled chamber to minimize electrical discharges and produce a stable ESI spray in both positive and negative ion mode. The design of the interface and how the behavior of the electrospray at the ESI emitter tip was evaluated, which included a comparison with the stable Taylor-cone normally obtained in positive ion mode and with electrical discharge observed in negative ion mode without using the nitrogen gas filled chamber, is shown in Fig. 3A . Additionally, Fig. 3B illustrates the stabilization of the total ion electropherogram signal measured in negative ion mode when including the nitrogen bath gas. The sample was collected via in situ capillary microsampling [38] , where circa 10 nL of the cell content (i.e., 5% of the total cell volume) was aspirated. Subsequently, a one-pot metabolite extraction was applied by ejecting the collected sample into 4 µL mixture of acetonitrile/methanol/water (4:4:2, v/v/v). The resulting cell extract was analyzed by CE-MS using low-pH separation conditions for cationic metabolites. The separation performance was comparable to other CE-MS methods, such as CE-MS employing a sheathless porous tip interface [39] . Overall, the proposed approach is very promising for single cell analysis, although, a single cell with relatively large dimensions (circa 200 nL content) Representative mass spectra of a V1 cell extract revealing simplified spectral complexity during ESI−. Reproduced from [37] with permission.
was used in this work. It would be of great interest to develop a CE-MS workflow for single cell mammalian metabolomics, as the content of such cells often range in the low pL-range (e.g., content of single HepG2 cells corresponds to roughly 3 pL). Clearly, this work is still an enormous analytical challenge.
Lin et al. demonstrated a novel electrokinetically pumped SL interface to analyze heparin oligosaccharides [40] . In this method, 10 mM ammonium acetate containing 80% v/v methanol (pH 7.5) was used as BGE and SL, the separation was conducted in reverse CE polarity and negative ion mode conditions. The capillary end was capped with a proteincoated spray emitter sheath capillary, allowing the addition of SL to the EOF and creating a stable electrospray (Figure 4) . The optimized CE-MS method showed to be applicable for disaccharide compositional analysis, bottom-up analysis, and top-down analysis. For the top-down analysis performed with CE-MS, a lower level of ammonium adduct formation was observed than when using HILIC-MS, resulting in less false positives [41] .
CE-MS-based metabolomics studies are typically performed with a SL interface. However, the addition of SL will cause dilution of the CE effluent, thereby limiting the detection sensitivity. Therefore, new interfacing designs such as the sheathless porous tip interface [42] are gaining interest for metabolomics studies [17, 43, 44] . Bonvin et al. developed a non-aqueous CE-MS (NACE-MS) method for the analysis of acidic compounds using a sheathless interface [45] . In NACE, instead of an aqueous BGE, an organic solvent is used as BGE.
In this NACE-MS method, the BGE was composed of 5 mM acetic acid in an acetonitrile/methanol mixture (80:20, v/v). The sheathless NACE-MS method improved the sensitivity by 2 to 50fold for the determination of glucuronides in human urine as compared to results obtained with a SL interface.
Gulersonmez et al. evaluated the performance of CE-MS using a sheathless porous tip interface for the analysis of anionic metabolites in biological samples by employing the same experimental conditions as for the profiling of cationic metabolites, only switching the CE separation and MS detection polarity [39] . The injection volume was approximately 20 nL and LODs between 10 and 200 nM were obtained for test compounds, showing a significant improvement when compared to LOD values obtained with SL CE-MS systems. It should be noted that this approach can only be applied for the separation of acidic metabolites with a pKa value below 4.2. The limited durability of using a single porous tip capillary (typically up to 200 runs) in CE-MS prevents its use for the analysis of large sets of biological samples [39, 46] . A proper sample preparation is critical when using these capillaries. Still, CE-MS with a sheathless interface has shown to have high potential for volume-restricted metabolomics.
Improving reproducibility
One of the main reasons for the underuse of (standardized) CE-MS methods for metabolic profiling of anionic species is the concern of its lack in reproducibility. In a recent study performed by Acunha et al., a fused-silica Figure 4 . Schematic representation of the negative mode CE-MS system. A reverse polarity separation under a dominant electrophoretic force and low EOF is used to move analytes down a bare separation capillary. The cathode end of the separation capillary is capped with a protein-coated spray emitter sheath capillary with SL pumped by EOF, mixing with separation flow and affording a stable electrospray of negatively charged analytes that is introduced into an LTQ Orbitrap for MS analysis. Reproduced from [40] with permission.
capillary was coated with poly- (N,N,N',N' )-tetraethyldiethylenetriamine, N-(2-hydroxypropyl) methacrylamide (PTH), and its utility for the profiling of anionic metabolites was evaluated in orange juice and wine samples [46] . The polymeric dynamic coating could be generated in an automatic procedure and the CE-MS method provided an acceptable repeatability for anionic metabolic profiling, i.e., RSDs (n = 3) for migration times and peak areas for selected metabolite standards were below 0.2 and 2.1%, respectively. Additionally, ATP was detected when employing the PTH coating, while it was not detected using an uncoated capillary. Overall, the CE-MS method allowed the detection of 87 metabolites in orange juice and 142 metabolites in red wine, demonstrating the utility of this approach for the characterization of food products.
Yamamoto et al. has demonstrated that the use of alkaline aqueous ammonia solutions (pH Ͼ 9) as BGE leads to chemical degradation of the outer polyimide capillary coating, causing incidental capillary fractures [47] . This effect is depicted in Figure 5A , where images of polyimide coated fused-silica capillaries are shown after an exposure of 70 days to different aqueous alkaline solutions. Long-term exposure of the capillary to an ammonium bicarbonate solution (pH 10) resulted in degradation of the outer polyimide coating. This was also observed when using other ammonium containing buffers such as ammonium acetate or ammonium hydroxide at elevated pH conditions. When exposing the capillary to aqueous alkaline buffers free of ammonia such as borate (pH 10), or to a primary/secondary amine buffer such as ethylamine (pH 10), no weakening of the capillary coating was observed. Additionally, when using a weakly alkaline ammonium bicarbonate buffer (pH 8.5), there was no capillary degradation. These findings were confirmed when the fracture resistance of fused-silica capillaries was compared after a bending force (90°angle) was applied manually, where each capillary was exposed to a different solution over a 26-day period ( Figure 5 ). Subsequently, they tested the long-term performance of the polyimide coated capillaries when using compatible alkaline BGEs, i.e., ammonium bicarbonate (pH 8.5), ammonium acetate (pH 8.5), ethylamine (pH 10.0), diethylamine (pH 11.0), and pyrrolidine (pH 11.3), for profiling anionic metabolites in biological samples. Pooled urine samples were measured in 34 runs (corresponding to 238 repeated sample injections) under alkaline conditions using multi-segment injection (MSI)-CE-MS with negative ion mode detection [16] . In MSI, multiple samples can be injected serially in a single capillary, in which the sample segments are spatially positioned between BGE zones. A throughput of Ͻ5 min per sample was achieved. Hence, aminolysis of the outer polyimide capillary coating can effectively be prevented by using less alkaline ammonium buffers (ϽpH 8.5) or substituting the BGE by less nucleophilic or alkaline buffers without ammonia. The findings of this work have important consequences as various CE-MS methods described in this paper employed BGEs with a pH above 9.0 and often it was not clear from these papers whether the polyimide coating was removed. Therefore, it is crucial to consider this work in the design of CE-MS methods for anionic metabolic profiling at high-pH separation conditions. Large-scale metabolomics is a promising approach to identify novel biomarkers. Recently, Harada et al. assessed the long-term performance of CE-MS for metabolic A comparison of changes in the tensile strength and resistance to fractures with repeated bending (90°) to a series of fused-silica capillary segments (where error bars represent ±1 s, n = 6) exposed to different aqueous alkaline solution (i.e., buffer type, pH, ionic strength), indicating that higher ammonia concentrations and increased pH conditions accelerate polyimide aminolysis, shortening their average lifespan due to capillary column breakage. Reproduced from [47] with permission.
profiling of more than 8000 human plasma samples from the Tsuruoka Metabolomics Cohort Study over a 52-month period [48] . Using two separate CE-MS systems for anionic and cationic metabolic profiling, respectively, more than 150 polar metabolites could be identified. The study provided an absolute quantification for 94 polar metabolites in plasma with a similar or better reproducibility (i.e., in QC samples RSD for peak area was below 20% for 64 metabolites and less than 30% for 80 metabolites out of the 94 metabolites) when compared to other MS-based analytical platforms employed for large-scale metabolomics studies. The overall metabolic coverage of the employed CE-MS methods was limited in comparison to other established LC-MS platforms, as CE-MS was not able to detect most of the non-polar metabolites in plasma. Azab et al. developed a standardized highthroughput NACE-MS method for the determination of FAs in blood specimens [49] . A MSI approach was used where a serial injection of seven independent samples (including a quality control sample) within a single CE run was applied, thereby improving the throughput of the method. For the separation, a BGE of 70% ACN, 15% MeOH, 10% H2O, and 5% isopropanol in ammonium acetate (pH 9.5), and a SL of 80% MeOH with 0.5% ammonium hydroxide was used. In order to prevent aminolysis and swelling of the outer polyamide capillary coating which is often the case when using alkaline ammonia containing BGEs (pH Ͼ 9.0) [47] and organic solvents that have long-lasting contact with the capillary [50] , the outer coating was removed from the capillary terminal ends (±7 mm). During capillary flushing and sample injection, the nebulizer gas was turned off to prevent causing current drops caused by air plugs inside the capillary. In order to prevent corona discharge in negative ion mode, a sprayer voltage of −3.5 kV was used. In the optimized MSI-NACE-MS method, seven serum extracts were analyzed after a methyl-tert-butyl ether extraction [51] without chemical derivatization, and most FAs were detected as their deprotonated molecular ions [M-H] − . A throughput of Ͻ4 min/sample was achieved, and the method sensitivity showed to be comparable to conventional GC methods. This work clearly shows the utility for MSI-NACE-MS for lipid profiling.
Recently, Höcker et al. assessed the analytical performance of CE-MS for a selected group of analytes using three different interfacing designs, i.e., the co-axial SL interface, the electrokinetic-driven nanoflow SL interface, and the sheathless porous-tip interface [52] . The conventional SL interface showed good robustness and flexibility, but in case an improved detection sensitivity was required, both the electrokinetic-driven SL interface and sheathless interface could be considered for this purpose, as they provided a sensitivity enhancement of an at least 100fold. Still, in contrast to CE-MS using a standard SL interface, the long-term performance of the latter interfaces still needs to be demonstrated. The durability or lifespan of a single capillary in these interfaces is also an important aspect and such data needs to be provided, preferably by multiple laboratories. It should be noted that in this study, a standard SL interface was employed. Recent studies have shown that with alteration of the MS source parameters, such as for example setting the nebulizing gas to 0 psi, a sensitivity improvement of an at least 15fold can be achieved using a SL interface [10] .
Conclusions and perspectives
CE-MS employing a standard SL interface performs well for cationic metabolic profiling as shown by various research groups. However, concerning anionic metabolic profiling, further development is needed in order to obtain a reliable approach that can preferably be easily used by multiple groups. One of the main challenges is the search for the most optimal CE-MS interfacing design when it comes to robustness, sensitivity, and user-friendliness. Overall, on the basis of our assessment of the reported literature in this specific field in the given time period, the development of a highly sensitive and reliable CE-MS method for anionic metabolic profiling will remain an active area of research. In our opinion, the profiling of anionic metabolites in limited amounts of mammalian cells will be an important application field of CE-MS. The implementation of rigorous validation and the availability of standard operating procedures would be highly favorable in order to make CE-MS an alternative, viable analytical technique for metabolomics. Therefore, our intention is to set-up an inter-laboratory CE-MS study using both the standard SL and the sheathless porous tip interface for metabolic profiling. Such data is urgently needed to actually show the suitability of CE-MS for long-term anionic metabolic profiling. The availability of open access peerreviewed protocols would be very helpful for this purpose, and in that context the developments are going into the right direction [38, 53] . 
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